This study focuses on the analysis of the extreme precipitation event in Central Nepal on 19 July 2007 which was part of a sequence of rain events leading to the devastating South Asia flood of 2007. We investigate synoptic-scale conditions using reanalyses and attribute moisture sources with a Lagrangian moisture source diagnostic. Further, we characterize the mesoscale precipitation event with a high-resolution numerical simulation. The simulation reveals an intense wide convective event with a simulated 40 dBZ echo core of considerable horizontal extent (1, 550 km 2 ) exceeding a height of 12 km. Initially small convective cells were invigorated by high CAPE and a potentially unstable layer at mid-tropospheric levels. This layer reached conditional instability adding latent energy to the system. Isolated convective cells organized upscale into a wide intense convective system, fuelled with moist low-level inflow. The result was torrential rain with over 250 mm within 24 hr. Several synoptic-scale conditions contributed to the intense development: (a) supply of moist air with the help of a typical monsoon break condition flow pattern, (b) anomalously significant moisture sources along this path due to prior precipitation events, (c) an upper-tropospheric trough orienting the atmospheric flow against the Himalayas with associated quasi-geostrophic forcing creating a favourable environment for convection, and (d) destabilized stratification due to an upslope flow. This analysis encompasses multiple scales and shows how a wide intense convective system, not unusual for this region, can be intensified by distinct synoptic constituents.
INTRODUCTION
In the summer of 2007, South Asia ( Figure 1 ) experienced unprecedented amounts of monsoon precipitation leading to one of the worst floods during the past few decades (CNN, 2007) . By 04 August 2007, 20 million people were affected (CNN, 2007) . From 10 July until the end of the month, the Nepal Red Cross Society counted 69 casualties and stated that flood and landslides affected over 262,000 people in 29 districts in Nepal (Nepal Red Cross Society, 2007; ReliefWeb, m.a.s.l (a) (b) FIGURE 1 (a) Nepal with the high-density population areas Pokhara and the capital Kathmandu and 278 meteorological stations from the Department of Hydrology and Meteorology (DHM). We use 112 stations for our analysis, displayed with circles with their elevation given in metres above sea level (m asl; colour scale). Disregarded stations in our study are marked with a cross. The target region for moisture source diagnostic (section 3.4) is marked by a blue rectangle. Rivers are coloured blue. (b) South Asia overview map displaying countries, regions, deserts, basins, and mountain chains. The blue region indicates the WRF-ARW domain for the numerical simulation of the extreme precipitation event Mellor-Yamada-Nakanishi-Niino 2.5-level turbulent kinetic energy Surface-layer scheme Mellor-Yamada-Nakanishi-Niino
Land-surface scheme Unified Noah LSM to heavy precipitation events in Pakistan and northwest India. The occurrence of convective events over Pakistan and northwest India have been related to distinct meteorological conditions by multiple studies. Sawyer (1947) and Houze et al. (2007) noticed that westerly warm dry flow at mid-tropospheric levels from the Hindu Kush overran southerly low-level moist flow from the Arabian Sea and created an inversion preventing premature convection. Convection developed preferably at the rim of this inversion layer. Deep intense convection formed when the inversion was penetrated e.g. by orographic lifting of air at the foothills of the Himalayas. The low-level moist air subsequently released latent energy through the dry inversion layer and contributed to an intense convective development. As evidence for the presence of deep convective systems, Houze et al. (2007) pointed to the high lightning frequency in the region of a concave indent in the Himalayas in northwest India.
This mechanism was confirmed in a numerical modelling study of a deep intense convective system over Pakistan . Two lids of warm and dry air had to be overcome by the triggering mechanism in order to develop deep convection. Medina et al. (2010) described topographic lifting as the primary cause of convection initiation; heating over the Thar desert and forced synoptic-scale lifting were presumably neither enough to break through the capping layers. Once topographic ascent caused condensation, a potentially unstable mid-level layer became conditionally unstable and could contribute to the development of a deep intense convective echo.
The described conceptual model on the occurrence of convection was followed by the question: what mechanisms contribute to the intense development of various high-impact events in Pakistan and northwest India? Enhanced moisture transport to the affected regions caused by synoptic-scale features was a key ingredient Rasmussen and Houze, 2012; Martius et al., 2013; Kumar et al., 2014; Rasmussen et al., 2015) . A mesoscale convective storm system leading to the flood at Leh in northwest India in 2010 was invigorated by moisture inflow from the Arabian Sea and the Bay of Bengal (Rasmussen and Houze, 2012; Kumar et al., 2014) . Flooding events in Pakistan were accompanied by quasi-stationary synoptic conditions featuring an anomalous, easterly, mid-level flow transporting moisture from the Bay of Bengal to Pakistan Martius et al., 2013; Rasmussen et al., 2015) . In 2010, in addition to the occurrence of wide convective systems, highly unusual stratiform systems developed in this region, moistening a broad region and contributing to large runoff .
Due to the described importance of synoptic conditions, Rasmussen et al. (2015) investigated reasons for the quasi-stationary blocking conditions prevailing during the Pakistan flood of 2010. They found signs of a Rossby wave train over Eurasia preceding the blocking and concluded that the Rossby wave train as a flood precursor could be exploited to gain skill in predictability. However, they did not investigate whether the Rossby wave was directly connected to the blocking situation and contributed to the intensification of the high pressure system. How this could be assessed was shown by Takaya and Nakamura (2005) who used the wave activity flux formulation from Takaya and Nakamura (2001) . demonstrated that large-scale anomalies were related to extreme precipitation in Nepal. For predictability, it is interesting to explore a possible connection between a Rossby wave and the extreme precipitation event investigated here.
The connection between the Pakistan flood of 2010 and a Rossby wave train was first mentioned by Lau and Kim (2012) . They described an extreme heat wave over western Russia that forced a Rossby wave train connecting both extreme events (the Pakistan flood and the heat wave). The Rossby wave triggered upward motion over Pakistan and arranged the low-level flow, developing mid-tropospheric cyclones. Increased moisture transport to the target region was set up and local feedbacks intensified the anticyclone over western Russia which ultimately contributed to the deep tropical penetration of the upper-level trough.
Quasi-geostrophically forced ascent, resulting from the described synoptic conditions, and orographically forced ascent, have been linked to triggering and intensification of deep convective systems in Pakistan Martius et al., 2013) . The forced ascent resulted in a destabilization of the air column and created a favourable environment for convection. For instance, for the Pakistan flood of 2010, orographically forced ascent was assumed to have contributed to destabilization of the air column and the final triggering of the heavy precipitation events (Martius et al., 2013) . Martius et al. (2013) further found a weak quasi-geostrophic forcing component which impacted the organization and initiation of precipitation.
Along the central-eastern Himalayas (CEH) and the western Himalayas (WEH), southward intruding midlatitude troughs were shown to facilitate rainfall enhancement (Vellore et al., 2014; . Rossby wave breaking and the eddy shedding of the Tibetan anticyclone set up ageostrophic motion and a transverse circulation across the Himalayas (Vellore et al., 2016) . Mesoscale effects could additionally increase the rainfall amounts. However, these studies did not focus on conditions providing extreme precipitation specifically over the central Himalayas, i.e. over Nepal.
In a composite study for Nepal, considered precipitation events that contemporaneously exceeded the 99.5th percentile at multiple stations from 1979 to 2010. On average, these events were accompanied by a trough over the Himalayas and anomalously high moisture sources along the Indo-Gangetic plain. Approximately 75% of the moisture in the planetary boundary layer was picked up over land. found evidence for precipitation systems preconditioning the soil moisture along the major uptake region, helping to explain the unusually high moisture abundance. In addition, a noticeable influence from low pressure systems and monsoon break periods was detected and quantified. The case-study from (Houze et al., 2017) for a flood event in northwest India exhibits similar atmospheric flow characteristics as described by for extreme precipitation events in Nepal.
Despite the described commonalities in processes among heavy precipitation events across different regions along the Himalayas, there still remains high variability among the involved precipitation systems over the CEH. Especially over Nepal, this has been demonstrated in the composite study of . Moreover, the different nature of high-impact precipitation systems investigated close to Nepal, and the high spatial variability of rainfall and the occurrence of different precipitation systems along the Himalayas (Houze et al., 2007; Romatschke et al., 2010; Romatschke and Houze, 2011) , underline the need to investigate a single event to reveal process interactions and relate those back to the common patterns seen in the composite studies.
In this study, we investigate a single extreme precipitation event that exceeded high percentiles at multiple stations and contributed to a devastating flooding period in Nepal and South Asia. We focus on meteorological conditions accompanying the event, in particular synoptic-scale forcing, moisture sources, and model-derived high-resolution characteristics of the precipitating system. It will be shown how mechanisms on these multiple meteorological scales could foster an intense wide convective event. We will start with the synoptic-scale context and subsequently delve into the mesoscale characteristics of the storm.
DATA AND METHODS
Our analysis is based on five different datasets:
(a) 3-hourly precipitation from the Tropical Rainfall Measuring Mission (TRMM 3B42) (Huffman et al., 2007) at a 0.25
• horizontal resolution; (b) 6-hourly ERA-Interim reanalysis (Dee et al., 2011) at 0.75
• horizontal resolution; (c) a global trajectory dataset (Läderach and Sodemann, 2016) with trajectories from the Lagrangian dispersion model FLEXPART (Stohl et al., 2005) ; (d) the output of a high-resolution numerical simulation (section 2.1); and (e) rainfall measurements from meteorological stations. The station dataset contained 273 rain-gauge stations from the Department of Hydrology and Meteorology (DHM) in Nepal ( Figure 1a ).
The stations recorded daily precipitation sums from 9 am to 9 am local time. Nepal time is defined as UTC+05:45 hr, meaning that stations recorded from 0315 UTC to 0315 UTC. We used the subset of 112 stations that remained after quality control .
WRF model set-up
We conducted numerical simulations with the Weather Research & Forecasting (WRF-ARW) model Kumar et al., 2014) to assess precipitating systems in northwest India and Pakistan. The horizontal resolution was set to 4 km in order to resolve the mesoscale topographical features and the main features of deep convective systems which are common in the considered domain (Houze et al., 2007; Romatschke et al., 2010; Romatschke and Houze, 2011) . Due to highly complex topography, slope-dependent radiation was activated. In total we simulated the period from 17 to 22 July 2007. The precipitating system could be reproduced well using spectral nudging, which was only applied to the wavenumber-1 horizontal wind field above the 12th model level (roughly corresponding to 850 hPa over the ocean). Further details of the model set-up are summarized in Table 1 , and the chosen model domain is displayed in Figure 1b .
Moisture source diagnostic
We applied the quantitative moisture source diagnostic from Sodemann et al. (2008) and tracked changes in moisture along FLEXPART parcels from the dataset of Läderach and Sodemann (2016) for 10 days back in time, as described in . All parcels which entered the target region in Central Nepal defined as 26.5-29 Figure 1a ) and which lost moisture in the target region were tracked. Moisture source anomalies for the event were computed against a 15-day mean centred around the date of interest and averaged across the entire period . This Lagrangian method was successfully used for Nepal in and evaluated against an Eulerian model simulation by Winschall et al. (2014) with consistent results. The moisture source diagnostic can attribute direct moisture sources. This means that it takes into account changes of moisture along the trajectory of an air parcel. demonstrated that moisture sources for Nepal obtained by this method differ significantly from previous findings by contributing additional information.
Evaluation of quasi-geostrophic forcing
As mentioned in the introduction, quasi-geostrophic forcing was found to accompany other high-impact events in neighbouring countries and is therefore computed for our study. Räisänen (1995) • N and could therefore experience a noticeable forcing contribution from quasi-geostrophic motion, as has been shown for neighbouring countries (Martius et al., 2013; Houze et al., 2017) . We estimated the theoretical quasi-geostrophic forcing using the Q-vector form (Equations 1 and 2) of the quasi-geostrophic equation (Bluestein, 1992) :
is the static stability parameter = −T ( ln ) ( p) −1 which is set to a fixed positive value of = 2 × 10 −6 K m s 2 kg −1 . The geostrophic wind v g is computed on an f -plane (f 0 ∼  ( 10 −4 ) s −1 ) from the geopotential height. Using a -plane assumption does not change the result. The temperature field from ERA-Interim is denoted by T, p is the pressure, p the -operator on a pressure surface, and R d the gas constant for dry air.
Applying scale analysis, we neglected the second term on the left-hand side of Equation 1 because it is at least an order of magnitude smaller than due to f 2 0
) . The second term on the right-hand side is also neglected by scale analysis. This is reasonable for midlatitudes where the contribution is of the order of  ( 10
−11
) . Both neglected terms could contribute to effectively damping the computed omega in either direction, meaning that the quasi-geostrophic forcing effect might be slightly overestimated. Diabatic processes and forced ascent due to orographic lifting are not included so only the destabilizing component of the trough at a specified pressure level is evaluated. Nonetheless, the main processes, the divergence of Q-vectors (Equation 3), are included to assess the effect of quasi-geostrophic forcing.
After the above-described simplifications, the resulting elliptic equation (Equation 3 ) for the vertical pressure tendency takes the form of a Poisson's equation and could be solved iteratively applying the successive over-relaxation method (Press, 2007) with Dirichlet boundary conditions (boundary values = 0) and a relaxation parameter of 1.5. We chose an error tolerance of = 10 −4 as exit condition for the iterative field relaxation which was reached within 436 steps. For the transformation of the vertical pressure tendency to the vertical velocity w, we assume hydrostatic conditions which, considering the height of the trough and the horizontal resolution of ERA-Interim, is a reasonable assumption. We further assume that at this altitude, no noteworthy amount of moisture is present and so use the gas constant for dry air R d ; the Earth's gravitational acceleration is set to g = 9.81m/s. These assumptions yield the equation for the vertical velocity
Computing wave activity flux for a quasi-stationary Rossby wave
The value of a variable can be understood as a mean state and superposition of a perturbation. This allows us to compute the wave activity flux as formulated in Takaya and Nakamura (2001) . We use only the horizontal component in the upper troposphere and assume stationarity, which yields a simplified formulation for the horizontal wave activity flux W h :
(5) and represent latitude and longitude, a is the Earth's radius, ′ is the anomaly of the streamfunction defined as ′ = (g∕f )Z ′ where f is the Coriolis parameter and Z ′ the geopotential height anomaly. |U| represents the magnitude of the zonal wind, U the zonal wind and V is the meridional wind component at each grid point.
With this equation we can explore the impact of quasi-stationary Rossby waves on the studied extreme event. Following Takaya and Nakamura (2005), we apply a low-pass filter (5-day running mean) to the geopotential height field and compute the geopotential height anomaly. The anomaly is defined as the difference between a 5-day mean centred around the date of interest and a 31-day mean centred around the date of interest and averaged across the ERA-Interim years 1979-2010. A 31-day mean is assumed to embody the background flow. By computing the 5-day mean, we attempt to remove high-frequency migratory eddies from the energy spectra, and by subtracting a 31-day average, we remove the low-frequency peak representing the annual cycle. The residual should then mainly stem from Rossby waves.
SYNOPTIC CONDITIONS ENCOMPASSING THE EXTREME EVENT
Prior to the precipitation event, a trough in the upper troposphere (300 hPa) approached Nepal (Figure 2a ). On 19 July 2007, the day of the extreme event, this trough traversed Nepal and in the evening (1200 UTC) it was situated over Central Nepal at the location of the extreme event ( Figure 2b ). The day after, the subsequent ridge gained influence over Nepal (Figure 2c ). The trough structure oriented the flow in the upper troposphere against the Himalayas. Further west, air was flowing down from the Hindu Kush following the height contours. The trough structure was also visible as a meandering jet stream at 200 hPa ( Figure S3 ) depicting a deformation of the Tibetan anticyclone similar to that described in Vellore et al. (2016) .
In the lower troposphere (850 hPa) a monsoon low pressure system closed in on Nepal two days prior to the event, was redirected towards the east along the Himalayas and finally dissipated close to Bangladesh ( Figures S4 and S5 ). On the day of the event, the northwesterly flow, coming from the Arabian Sea, was oriented parallel to the Himalayas until it turned toward a centre of low geopotential at the location of the extreme precipitation event. According to ERA-Interim and the WRF simulation (section 4), this centre of low geopotential at 850 hPa on 19 July formed after the low pressure system had turned to East Nepal and weakened (Figures S4 and S5) . The low geopotential height on the day of the extreme event was thus the extreme event itself, mostly independent but possibly influenced by the previously existing low pressure system through indirect moisture supply (more in section 3.5). quantified that, for 14% of the considered extreme events in Central Nepal, a low pressure system was detected in the vicinity of the extreme precipitation event.
The day prior to the day of the extreme event, low tropospheric flow was blocked by the Western Ghats and developed a flow splitting over Central India which prevailed during the extreme precipitation event, lasting until 22 July (Figure 3a) . The influence of the flow blocking at 850 hPa is illustrated with the inverse Froude number (red line in Figure 3a ),
N is the Brunt-Väisälä frequency, H the height and U the wind speed. Based on the constituents of the Froude number -wind speed and stability -blocking was probably caused by reduction of the zonal wind speed over the Arabian Sea. The low-level flow bifurcated into a southern branch curving around the southern edge of India while the northern branch coming from the Arabian Sea moved over the Indo-Gangetic plain and veered to the east ( Figure 3a ). As the flow reached the Himalayas it was blocked and directed along the mountain range. The described flow splitting is characteristic of monsoon break periods (Joseph and Sijikumar, 2004) which are connected to less rain in Central India and excess rainfall along the Himalayas. The mean sea level pressure chart ( Figure S1 ) reveals a monsoon trough typical for a monsoon break (Rajeevan et al., 2010) . Rajeevan et al. (2010) defined a break period lasting from 18 to 22 July affirming that the extreme precipitation event in fact occurred during a break period. quantified that during July and August at least 26% of the extreme events in Central Nepal occurred during break conditions. Our result illustrates this connection for a single event where the characteristic low-level flow was a consequence of a flow blocking by the Western Ghats due to a reduction of the zonal wind. In the middle (500 hPa) and upper (300 hPa) troposphere, air emanated from the Hindu Kush onto the Indus plain (Figure 3b,c) . Over Nepal the flow was directed partly along and partly toward the Himalayas, as dictated by the geopotential height pattern (Figure 2b ). This further illustrates that there was a considerable vertical shear over the Indus plain where wind speeds of > 10 m/s in opposite directions were experienced at different levels. However, over Central Nepal, where the considered precipitation system developed, the shear was low in comparison. Such an environment is characteristic of the development of deep and wide intense echoes in this region (Houze et al., 2007) .
In our study, we have synoptic conditions reminiscent of the findings of Houze et al. (2007) . We have identified a moist low-level inflow from the Arabian Sea and at mid and upper levels dry and warm air flowing from the Hindu Kush to the southeast overrunning the moist low-level flow. This is indicated in Figure 3 and is supported by radiosonde soundings from stations in Jodhpur and New Delhi (http://weather.uwyo. edu/upperair/sounding.html; accessed 19 November 2018). Especially in the mid-troposphere, the flow from the Hindu Kush is directed to the east, parallel to the Himalayas (Figure 3b) . Following the findings of Sawyer (1947) , Houze et al. (2007) and Medina et al. (2010) , the fact that the moist low-level air was capped might have prevented premature convection and thus have aided the transport of moisture further to Nepal. The specific thermodynamic environment at the site of the extreme event is investigated in section 4.2. It will be shown that the dry continental air reached all the way to Nepal ensuring a favourable environment for the extreme event.
The role of quasi-geostrophic forcing
To investigate the influence of the above described upper-tropospheric trough (Figure 2b) , we estimated the theoretical quasi-geostrophic forcing on the day of the extreme event. Forced large-scale ascent was present ahead of the trough (Figure 4a ), in agreement with quasi-geostrophic theory. The estimated magnitude of the forced ascent was 0.5-3 cm/s over Nepal, which results in a rise of roughly 100 to 600 m within the 6-hourly time step of the ERA-Interim output. This makes quasi-geostrophic forcing a possible contributor for destabilizing the air columns and thus preparing a favourable environment for subsequent triggering of convection. Given that we neglected the -term and the second term on the left-hand side, our computed vertical velocity might be slightly overestimated. Entrainment processes during the ascent will also reduce the net forcing effect. The pattern of the vertical velocity field in ERA-Interim and WRF (not shown) is similar to the precipitation field ( Figure 4b ) and hence seemed to be governed by the related diabatic heat release which is not taken into account in the Q-vector formulation applied here. Nonetheless, the alignment of precipitation anomalies in ERA-Interim and precipitation in TRMM with the upper-tropospheric trough is striking (Figure 4 ). During the Indian summer monsoon there is generally significant precipitation along the Himalayas and in the Bay of Bengal, visible in rainfall climatologies, e.g. Houze et al. (2015) and . Nonetheless, in our case, not only absolute precipitation but also significant positive precipitation anomaly was aligned along the trough, suggesting that a destabilizing component from quasi-geostrophic forcing was present. The lack of precipitation over large parts of the Tibetan Plateau despite quasi-geostrophic forcing might be related to lack of moisture over this region (Wang and Gaffen, 2001) . Another hint that large-scale forcing played a role in triggering the extreme event is that we could not simulate the event without applying spectral nudging. We conclude that the combination of the location of the trough and the associated quasi-geostrophic forcing prepared a conducive environment for the development of the considered precipitation event.
Our results are consistent with Martius et al. (2013) who investigated the influence of upper-level dynamics on the Pakistan flood in 2010. They found an upper-level potential vorticity (PV) anomaly with the presumed main effect of orienting the lower-tropospheric flow against the mountains, forcing orographic uplift. The related quasi-geostrophic forcing over Pakistan was estimated by applying a PV-inversion technique together with the evaluation of the quasi-geostrophic omega equation. The forced large-scale ascent was estimated up to 1 cm/s over Pakistan. Martius et al. (2013) stated that the upper-level forcing particularly contributed to the alignment of the low-level flow against the mountains. The upper-level forcing further impacted the spatial organization and initiation of precipitation, consistent with our findings.
Rossby wave train from Europe
We dwell on the quasi-geostrophic theory and explore in the following whether the trough structure was associated with a quasi-stationary Rossby wave train and where it was excited. As mentioned in the introduction, a connection between the extreme event and a Rossby wave could add predictive skill. Geopotential height anomalies depict the structure of a Rossby wave train across Eurasia with anomaly maxima propagating towards the east (Figure 5a -c) similar to Rasmussen et al. (2015) . A week prior to the extreme event, this pattern had not yet established (not shown). Two days prior to the extreme event, a negative anomaly west of the British Isles represented a strong source emitting wave activity flux to the east (Figure 5a ). The positive anomaly to the east over central Europe was followed by two negative anomalies farther east which subsequently amplified (Figure 5b ). A positive anomaly over Russia started to amplify on the day of the extreme event. The wave activity fluxes in Figure 5a ,b indicate the maintenance of a negative anomaly over Nepal as part of the Rossby wave train. The negative anomaly over Nepal already existed prior to receiving wave activity flux and therefore probably did not originate west of the British Isles. Rather, the Rossby wave train may have enhanced the persistence of the anomaly over Nepal through the period of the extreme precipitation event (Figure 5a-c) .
A measure for the propagation path of the quasi-stationary Rossby wave (so called the Rossby-wave guide) is the axis of the zonal westerly background wind (Figure 5d ). The described splitting of the wave activity flux into northern and southern negative anomalies coincides with the background flow which exhibits a split at the same location.
The Rossby wave train was presumably not the principal cause of the development of the negative anomaly over Nepal. However, it still seems to have contributed to sustain the trough. Note that the obtained signal in one event could stem from a superposition of migratory and large-scale waves, even though it was low-pass filtered by the 5-day running mean. This is because splitting of the continuous atmospheric energy spectrum into frequency bins is not unambiguous.
Moisture flux
We find considerable total column integrated moisture flux along the Himalayas on the date of the extreme event ( Figure 6 ). The shape of the moisture flux resembles the low-level flow shown in Figure 3 , which is characteristic of break periods (Rajeevan et al., 2010) . The division into a southern and northern branch enabled high moisture fluxes to reach the Himalaya mountain barrier and thus supplied moisture for the observed excess precipitation along the Himalayas. A large moisture transport along the northern branch might be a generic mechanism during break periods which could help to explain the relationship between break periods and extreme precipitation along the Nepal Himalayas found by . The precipitation system that developed on the day of the extreme event could consequently tap into moist air coming from the Arabian Sea contributing to the intensity of the event.
Moisture sources
The observed high moisture abundance raises the question where the moisture originated. Direct moisture sources for precipitation ( Figure 7a ) in Nepal two days prior to the extreme event mirror the location of the low pressure system described in section 3. Moisture sources depict a pathway from the Arabian Sea across Central and North India to the Bay of Bengal turning north to Nepal (Figure 7a ). The main weight of moisture sources is situated around the position of the low pressure system at that stage. In this phase the low-level flow clearly had not yet fully developed the splitting characteristics as the pathway of moisture sources was still crossing Central India. Most of the moisture (70%) was picked up over land, with India (29%) as the main contributor (Table 2 ). Although the low pressure system originated over the Bay of Bengal, the Arabian Sea is a larger moisture source (24%) than the Bay of Bengal (6%). This indicates that the original moisture in the low pressure system, possibly from the Bay of Bengal, had already rained out and was replaced by moisture taken up over land. The positive anomalies of moisture sources support this conclusion (Figure 7c ). The anomaly values are weak in absolute terms, matching an ordinary rainy day in Nepal. The additional moisture sources were located mainly over India (52%) and Bangladesh (7%).
As the low pressure system moved east and weakened, the flow direction shifted and the flow splitting became fully developed (Figure 3a) . The direct moisture sources for the extreme precipitation event (Figure 7b) were located along the northern branch of moisture transport (Figure 6 ) over the Indo-Gangetic plain. Most of the moisture stemmed from India (53%), Pakistan (17%), and Nepal (13%) which also experienced the largest positive anomalies (Table 2) . Almost all of the additional moisture was taken up over land (97%). The anomalies are more pronounced and depict a distinct area of high positive values along the Indo-Gangetic plain. There was only little additional uptake in the Bay of Bengal, over Bangladesh, and Northeast India for precipitation (Figure 7d ). These are regions where, during the monsoon, the air is generally very moist. On the other hand, the moisture sources over relatively dry regions, such as the Thar desert, exhibited a strong positive anomaly. How can such an anomaly develop in these dry regions?
3.5
Preconditioning the soil for moisture uptake presented evidence that the soil in the moisture source region might have been moistened by previous precipitation events prior to the moisture uptake that was directly related to extreme events. Medina et al. (2010) and Martius et al. (2013) discussed the possibility that soil moisture from previous events might have contributed to heavy precipitation events over Pakistan. Martius et al. (2013) noticed significant moisture uptake over land together with wet soil moisture anomalies, possibly from previous precipitation events. In our case, there was considerable precipitation along the moisture source region within 15 days before the extreme precipitation event (Figure 8 ). ERA-Interim ( Figure 8a ) and TRMM ( Figure 8b ) depict a long area of precipitation stretching along the Himalayas and the region of increased moisture uptake. TRMM exhibits a pronounced local precipitation maximum just where the low pressure system approaches Central Nepal. The spatial precipitation pattern in ERA-Interim agrees generally well with TRMM 3B42 data, although ERA-Interim underestimates the regional rainfall amounts. In particular, the precipitation related to the low pressure system is underestimated in ERA-Interim. The lower resolution in ERA-Interim and smoothed precipitation field might be responsible for the underestimation. We assess the connection between previous rainfall events and moisture sources by comparing the location of the Lagrangian particles with the surface latent heat flux in ERA-Interim. Two days prior to the precipitation event, the air parcels arriving at Central Nepal were located over a region with considerable surface latent heat flux (Figure 9a ). While they originated in or travelled over the region with pronounced surface fluxes, their moisture content increased. This indicates a moisture source in the method applied (section 2.2). As the parcels moved, the surface fluxes also increased along their way, such that there were constantly high surface fluxes beneath (Figure 9b ). This co-location of air parcels and high surface latent heat flux illustrates that the moisture increase along the FLEXPART trajectories is physically consistent with ERA-Interim.
To further verify the connection between the surface latent heat flux and the moisture sources, we test whether the moisture was taken up close to the ground. At 1200 UTC on 18 July, 44% of the parcels were below 1000 m and 76% were below 2000 m. At 1200 UTC on 17 July, 39% of the parcels were below 1000 m and 76% were below 2,000 m. Not only were most parcels close to the ground, but also most of the moisture was taken up at low elevation. For instance, on 17 July between 0600 UTC and 1200 UTC 82% of the moisture uptake could be assigned to parcels residing below 1,000 m. In addition to the surface fluxes, the air parcels moved over a region with high ERA-Interim soil moisture, indicating that the registered moisture change in the parcels is physically possible ( Figure S2 ). This supports the assumption that the moisture evaporated from the surface. Hence, the availability of soil moisture, established by previous precipitation events, rather than horizontal advection in the free troposphere, was crucial for feeding the extreme precipitation event with this large amount of moisture. The strong surface fluxes are consistently present in our WRF simulation (not shown) passing the information on soil moisture to the high-resolution simulation.
HIGH-RESOLUTION CHARACTERISTICS OF THE EXTREME EVENT
Although ERA-Interim exhibits a precipitation pattern qualitatively similar to TRMM, it does not develop the same magnitude of precipitation and underestimates the daily precipitation recorded by the stations at least by a factor of four. This might be due to the low horizontal resolution. To overcome this problem and to gain more insight into the nature of the simulated precipitation system and its thermodynamic environment, we simulated the extreme precipitation event with the WRF model. In the WRF simulation the main precipitating system was initiated between 0900 UTC and 1200 UTC. Smaller convective cells started to develop and organized upscale such that at 1200 UTC a deep and wide convective system was clearly visible over Central Nepal (Figure 10 ). This high convective cloud top is visible in a Meteo 7 satellite infrared image at 1800 UTC as a round white area just at the rim of the Himalayas in the middle of Figure 10a . At 1200 UTC the system was not yet visible in Meteo 7 images, indicating an early initiation in WRF. In the TRMM 3B42 data, this time-lag can be better assessed. Smaller precipitating systems started to form around 1200 UTC and developed into the full-size event until 1500 UTC with considerable precipitation over Central Nepal. This implies a time-lag in WRF of up to 3 hr. The daily rain amount is depicted in Figure 11 to show the similarities between TRMM 3B42 (Figure 11a ), WRF (Figure 11b) , and rain gauges. WRF simulates an intense rainfall event close to the region indicated by TRMM and the rain gauges. The simulated daily rainfall amounts match well with the magnitude of the measured rain and the horizontal extent from TRMM and WRF is comparable. There is a slight spatial and temporal offset in the simulation compared to TRMM. Both TRMM and the simulation deviate from the station data. TRMM seems to overlook precipitation amounts up to 50 mm at some single stations scattered across Nepal (Figure 11a ). WRF overestimates precipitation in the east of the country where multiple convective cells were triggered in the simulation (Figure 11b ). Unfortunately, there was no overpass of the TRMM satellite during the event so we could not compare the simulation results with TRMM high-resolution 3D data. However, given the described similarities and the fact that WRF could simulate an intense rainfall event, we continue analyzing our WRF simulation.
Rainstorm characteristics and evolution
The simulated rainstorm developed during the afternoon when single convective cells were initiated (Figure 12 ). The main precipitation system reached its maximum in the evening around 1200 UTC (17:45 Nepal local time). Despite the mentioned time-lag, in TRMM the initiation of the main convective system occurred in the evening which is consistent with findings from Romatschke et al. (2010) who investigated the diurnal cycle of precipitation from deep and wide convective cores over land in South Asia. They concluded that deep convective cores exhibited a maximum almost exclusively between noon and midnight. Wide convective cores were found to have a maximum in the evening together with a second maximum between midnight and early morning. In both the WRF simulation and TRMM we find a continuation of precipitation, possibly forming a second local maximum, before dawn. However, neither the simulated reflectivity and cloud-top temperature, nor the precipitation intensity in WRF and TRMM compare with the magnitude of the first convective system. We will therefore focus on the initial convective event in the following detailed analysis, continuing to examine what processes led to the intense development. Before noon small convective cells started to develop along the slope over Nepal as a result of the exposure to the intense summertime insolation and the moist flow running towards and along the Himalayan foothills (Figure 12 ). These individual cells were scattered and not yet connected. As time progressed they grew and their life cycle depicts a pulsing pattern rather than a migratory character. While they remained roughly over the location where they originally developed, they grew and declined. This was characteristic throughout the event and probably stemmed from the low-level flow that pushed against the mountains, trapping the convective cells at their location of origin. The negligible vertical shear and weak winds could not organize the convective echoes, e.g. in a squall line structure. In the afternoon and evening (between 0900 UTC and 1200 UTC) convective echoes close to the location of the extreme event became more intense and organized upscale into a large contiguous simulated echo region of 40 dBZ at around 1200 UTC. Later, this intense echo region collapsed into multiple separated cores as the development of the cells continued (visible in the panels for 1200 UTC and 1500 UTC). During the evening and night, more convective cells developed but did not reach the same magnitude or intensity (not shown).
The simulated convective echoes were vertically erect and did not tilt after forming the wide convective echo, visible in g/kg (a) (b) the reflectivity cross-section of the fully developed convective system ( Figure 12 , 1200 UTC). This is consistent with Houze et al. (2007) who investigated a wide and deep intense echo consisting of multiple vertically erect cells forming an amorphous structure of no particular shape. The system considered here was amorphous and did not show signs of a squall line, consistent with the weak shear environment described in section 3 and Houze et al. (2007) . The horizontal extent exhibits characteristics of a deep and wide intense convective system (Houze et al., 2007) . The core of 40 dBZ exceeds an altitude of 12 km and has a width of approximately 40 km at the surface along the depicted cross-section (Figure 12) . Houze et al. (2007) defined a contiguous region of 40 dBZ over a horizontal extent of more than 1, 000 km 2 as a wide convective system. Counting all grid cells on a model level that exceed 40 dBZ on the same level yields a maximum horizontal extent of our system of ca. 1, 550 km 2 , hence it qualifies for the category of a wide convective system. Wide intense convective systems preferably develop along the central Himalayas according to climatologies of occurrence of different convective systems (Houze et al., 2007; Romatschke et al., 2010; Romatschke and Houze, 2011) . The system that formed is thus not very unusual in the region where it occurred, but did reach a considerable intensity. The simulated convective system depicted an echo maximum of 62 dBZ at an altitude of ∼ 2, 900 m asl (2,200 m above ground) which was below the melting level at approximately 6 km (Figure 16 below) . The vertical location of the reflectivity maximum and the altitude of the zero degree line is similar to findings from Houze et al. (2007) for deep convective events. The maximum vertical velocity of 26 m/s is reached at an altitude of 13,800 m asl (13,200 m above ground). The altitude of the maximum wind speed is consistent with measurements of mature convective systems over Gadanki (India) described in Uma and Rao (2009) .
The wind field in the WRF simulation suggests that northwesterly moist low-level flow was directed along the Himalayas, curving to the north and pushing onto the Siwalik Hills with an elevation of over 1,000 m asl (Figure 13 ).
The flow consequently underwent a significant lifting, which might have contributed to destabilizing the atmospheric column and thus to triggering and intensifying the convective system (also section 4.2). Moisture accumulated in the concave topographic indentation close to Pokhara (Figure 13 ). The accumulation of moisture created an environment where the convective system was able to tap into moist air, supplying more latent energy. A similar mechanism on a larger scale was suggested by Houze et al. (2007) who argued that the concave indent in northwest India leads to moisture accumulation from the low-level moist inflow which could feed deep convection. Moreover, the low-level moist inflow was warmer than its surroundings, in particular compared to the low-level monsoon air from the Bay of Bengal and over Northeast India (not shown). The low-level monsoon air from the east was cooled by frequent monsoon precipitation (Figure 8 ) while moving onto the Indian subcontinent. This feature was also described by Sivall (1977) . The westerly flow had probably gained heat while travelling across the hot regions in Pakistan and northwest India. Not only were surface latent heat fluxes large, but also surface sensible heat fluxes were considerable (up to 180 W m −2 ), compensating for cooling due to moisture uptake.
Thermodynamic environment
To obtain further insights into reasons for the intense development of the convective system, we assess the thermodynamic conditions using the parcel theory. On the day of the extreme event, just before the initiation, the environment was statically unstable with a large amount of convective available potential energy (CAPE = 2,335 J kg −1 ) at the location of the main convective echo (Figure 14a ). When convection was triggered, CAPE was used up (Figure 14b ), but the convective cell was constantly supplied with energy from inflow with large CAPE (2,431 J kg −1 ). This can be seen in the sounding from the point upstream of the event indicated by the letter U (Figures 13b and 14c) . When convection occurred, moisture was vertically redistributed. The vertical redistribution becomes visible in the skew T diagrams when comparing soundings at the inflow and at the location of the event.
The drier upper-level indent, at 300 hPa, and the mid-level indent, at 600 hPa, are removed by convective moistening (Figure 14) . Medina et al. (2010) showed a sounding structure depicting two layers of dry airmasses below 4 km and above 6 km. Similar to their study we can relate the dry layer between 700 and 600 hPa to continental air emanating from the Hindu Kush. At 600 hPa, ERA-Interim depicts a maximum of westerly flow just downstream of the maximum at 500 hPa representing the slight descent of the continental dry air (not shown). The upper dry indent in the profile can be related to the planetary westerly flow (Figure 3b ,c) described by Sivall (1977) and also visible in Medina et al. (2010) .
The question then remains, why is there a moist bulge at around 500 hPa? In ERA-Interim, the air at 500 hPa is clearly drier than its surroundings as it flows down from the Hindu Kush, meaning that this cannot be the origin of the moisture (not shown). Just before the flow passes Nepal, the air becomes moist at the mid-levels. The same can be seen along the Himalayas. The air is moister, suggesting that other processes than horizontal advection were moistening this atmospheric layer. Medina et al. (2010) suggested that the moist layer in mid-levels might have been caused by previous convective events injecting moist monsoonal air into layers at higher altitude. This might be partly true for our case as well, since there are various smaller convective events developing prior and upstream of the extreme event primarily along the Himalayas. Another source for the moisture at the mid-levels could stem from evaporation of cloud droplets. WRF simulates clouds at that altitude on the day of the extreme and on previous days especially along the Himalayas, supporting this argument.
The destabilizing effect of the orographic forcing discussed in section 4.1 can be illustrated when comparing the inflow sounding upstream of the extreme event (letter U in Figure 13 ) with the sounding at the location of the extreme event (marked E). In the lowermost pressure levels, the sounding depicts static stability indicated by a small amount of convective inhibition (CIN = 56 J kg −1 ). In order to release the large CAPE that is brought along with the flow, the CIN had to be removed. We described in section 4.1 that the low-level flow pushed onto the Himalayan foothills of over 1,000 m asl. Such a lift could have removed the low-level stability and led to the unstable profile at the location of the extreme event. Additionally, quasi-geostrophic forcing might have contributed to further destabilize the air column (section 3.1). Medina et al. (2010) described a potentially unstable layer that was released for a deep convective system in Pakistan. In our case, the moist inflow at low levels and a dry mid-level flow topped with a moist layer in the mid-troposphere create a potentially unstable environment (Figure 14) . The moisture profile thus reveals another reason for the severe development of the system. A thick layer of potentially unstable air, illustrated with the equivalent potential temperature e (Figure 15b) , resides in the low to mid-troposphere. Near the ground e is higher, which means that if the moist air reaches condensation the air will become conditionally unstable and will continue to rise following the moist adiabat. Extra energy from latent heating is added to the convective system. At the location of the main event, the potential instability is removed and the vertical extent of the updraught becomes visible, represented by a tall chimney-like structure where the highly active 40 dBZ echo is simulated. Also the potential instability is supplied by the large-scale flow advecting dry airmasses in the mid-troposphere while supplying moist inflow at lower levels.
At the location of the extreme event there is little vertical shear, consistent with the upright structure of the simulated echo (section 4.1). However, at the particular location of the chosen sounding, the moist low-level inflow changes direction from 0900 UTC to 1200 UTC (compare Figures 14a  and 14b ), which is probably due to two reasons. The incoming flow was trapped in the concave indentation and circles back out creating a northerly and northeasterly component (Figure13a, b) . Another reason could be the convergence zone close to the thermal low created by the convective cell. Consequently airmasses arrive from various directions depending on the location of the main updraught region. Once the convergence zone is established, air could be sucked in from different directions. The wind barbs indicate only weak flow at the low levels, meaning that fine-scale orographic features could be superimposed on the two mentioned mechanisms. Shifting the position of the sounding affects the direction of the wind barbs in the lower layers after initiation of the main convective system while it remains the same during the hours prior to the initiation (Figure 13a,b) . This supports the above explanation, indicating that the two mechanisms were not yet in place before the initiation of the main convective system.
Simulated hydrometeors
Examination of the hydrometeors can reveal the reason for the simulated convective echo and helps to compare our results with other case-studies. The mixing ratio of three species simulated with the Thompson microphysics scheme are plotted in Figure 16a -graupel, snow, and rain. The graupel core together with the strong updraught (Figure 16b ) is consistent with the described deep wide convective system and the high reflectivity (section 4.1). The graupel core was probably accompanied by lightning. Houze et al. (2007) showed that the frequency of lightning was connected to the frequency of deep and wide convective systems along the Himalayas with a maximum in northwest India and northern Pakistan. Above the melting level a wide area of snow hydrometeors is present. Below, there is a distinct and strong rain core.
The vertical velocity core of values greater than 10 m/s has a large vertical extent reaching from 8 to 16 km close to the tropopause. Vertical velocities exceed 20 m/s with a maximum of 26 m/s. The high vertical wind speed can elevate graupel particles to high altitudes with the 1 g/kg contour reaching 17 km. Medina et al. (2010) and Kumar et al. (2014) reported similar updraught and graupel values for a convective event in Pakistan and northwest India, respectively.
DISCUSSION OF SIMILARITIES TO AND DIFFERENCES FROM OTHER FINDINGS
The convective type of the extreme precipitation event in Nepal was classified as a deep and wide convective system which is not an unusual type of convective system for the considered region (Houze et al., 2007) . Moreover, the system developed in a region prone to rain events, as can be seen in rainfall climatologies from (Houze et al., 2007; . However, the convective cell developed an unusual intensity due to the described supporting conditions across meteorological scales which, in the context of the discussed results, are worth contrasting with previous findings.
On the large scales, similarities to but also differences from high-impact events over Pakistan and northwest India became apparent indicating the complex nature and high spatial variability of these events. Rasmussen et al. (2015) described a blocking situation over the Tibetan Plateau forcing quasi-stationary conditions. The long duration enabled a large amount of moisture to be funnelled from the Bay of Bengal across India to Pakistan. This branch of moisture, in addition to moist air from the Arabian Sea, could fuel convective systems causing floods in Pakistan. A Rossby wave train over Eurasia was suggested to be associated with this blocking high. During the extreme event over Nepal, there was no blocking high pressure system over the Tibetan Plateau. Instead, an upper-level trough was situated over Nepal (similar to Vellore et al., 2014; , imposing quasi-geostrophic forcing and inducing large-scale ascent. We detected a weak contribution from a quasi-stationary Rossby wave possibly sustaining the trough. However, the Rossby wave was presumably not the origin of the upper-level trough. In our case, low-level moist air did not flow from the Bay of Bengal to the west as described in Rasmussen et al. (2015) , but was instead directed the opposite way, from northwest India along the Himalayas toward the Bay of Bengal. This came about as a result of split flow conditions characteristic of monsoon break periods. Despite the described differences, it seems that the conditions in the contrasted cases met the same target, enabling high moisture amounts to be transported to the location of a deep convective system which could consequently develop high intensity.
Moisture sources were consistent with and Hunt et al. (2018) but partly contrasted findings by Houze et al. (2007) , Medina et al. (2010) , Martius et al. (2013) , and Rasmussen et al. (2015) . While Houze et al. (2007) and Medina et al. (2010) discussed incoming moist airmasses that gain buoyancy over dry and heated land, we find evidence that for the discussed extreme event almost all direct moisture sources were located over land. For one period of heavy rain in Pakistan, Martius et al. (2013) determined a major contribution from moisture sources over land. However, for another period, the moisture fraction from land was considerably reduced and a large contribution from the Arabian Sea was detected. For extreme precipitation events in Nepal, the high moisture contribution from land seems to be a generic feature as presented in . Based on a composite study, they suggested that moisture sources were mainly located over land moistened by previous precipitation events. The single case discussed here seems to support their results.
The large-scale flow conditions enabling the build-up of instability are similar to the findings in Houze et al. (2007) and Medina et al. (2010) . Dry and warm continental air emanated from the Hindu Kush region overrunning the low-level flow from the Arabian Sea as suggested in Sawyer (1947) . This leads to a capping inversion and prevents premature convection, enabling the moisture to arrive and converge in the concave indent in northwest India. A forced ascent (e.g. by orography) could help to break through the lid, resulting in deep convective echoes. In our case, the moisture reached even further to the east, namely to Nepal. Once the air column was destabilized by quasi-geostrophic forcing and orographic lifting, the continental air finally contributed to the creation of a potentially unstable environment and allowed intense development of the convective system.
CONCLUSIONS
We investigated conditions on multiple meteorological scales facilitating the extreme precipitation event in Central Nepal on 19 July 2007. This event was part of a series of heavy precipitation events leading to the devastating South Asia flood in 2007. The processes involved are:
1. Quasi-geostrophic forcing, imposed by an upper-tropospheric trough, prepared a favourable environment for the development of deep convection. The trough may have been supported by a Rossby wave train from Europe. 2. The flow was orographically lifted onto the Siwalik Hills, reducing column static stability and possibly triggering the extreme event. 3. Monsoon break period low-level flow conditions directed the flow over the preconditioned moisture sources and supplied the convective system with an unusual warm and moist inflow. Moreover, the inflow was loaded with a large amount of CAPE fuelling the convective system.
There was not a single dominating process responsible for the extreme event, but the specific interplay and co-existence of the enumerated meteorological conditions facilitated the formation of a deep and wide intense convective system of significant strength. The sequence of events and how they together created a favourable environment for the extreme precipitation event to occur is outlined below.
Break period low-level flow conditions and the approach of an upper tropospheric trough preluded the event. The low-level flow coming from the Arabian Sea was blocked by the Western Ghats and bifurcated, and the northern branch reached the Himalayas and turned east to continue along the slope traversing Nepal. On the way to Nepal, moisture that stemmed from recent precipitation events allowed for anomalously high moisture uptake along the path, creating an unusual high moisture flux toward Nepal. Meanwhile, the upper-level trough exerted quasi-geostrophic forcing, contributing the destabilization of the atmospheric column. A propagating stationary Rossby wave might have contributed to sustain the negative geopotential height anomaly. In Central Nepal, the moist low-level flow turned north, converging in an concave indent close to Pokhara where moisture could accumulate. Consequently, air was forced upslope, destabilizing the stratification through orographic lifting. Convective systems were triggered organizing upscale into a deep and wide intense convective system exhibiting an amorphous structure. Triggering was likely fostered by orographic lifting onto the Siwalik range in a favourable environment created by weak quasi-geostrophic forcing. The convective system was fed with potentially unstable air containing significant levels of CAPE facilitating the intense development and leading to precipitation amounts exceeding 250 mm/day. The main moisture sources were located along the Himalayas where the flow splitting during a break period was crucial for guiding the air over the moisture uptake regions. The large-scale flow was mainly westerly during the entire lifetime of the convective event, supplying moist low-level air. Rather dry air advected from the Hindu Kush mountains contributed to creating potentially unstable airmasses beneficial for a vigorous convective development.
While this case is interesting to study by itself, differences from and similarities to other findings reveal large spatial variability of extreme precipitation events and thus the value of an approach that appreciates regional differences. This case-study further explains how a not unusual type of convective system can develop into an extreme precipitation event, and is hopefully valuable for the ultimate goal to better predict these events. Further research could focus on disentangling more the trigger mechanisms under different synoptic conditions as well as on the impact of moisture abundance on the precipitation event.
